INTRODUCTION
The activation of cell division and transitions between different phases of the cell cycle are controlled by a family of cyclindependent Ser/Thr protein kinases (CDKs). The activity and substrate specificity of CDKs depend on their association with specific cyclin partners that act as regulatory subunits (Morgan, 1997) . Activation of CDKs also requires phosphorylation of conserved Thr residues within their T-loops, such as residues Thr161 and Thr160 in human Cdc2 and CDK2, respectively. This activating phosphorylation is catalyzed by CDK-activating kinases (CAKs; Kaldis, 1999) . Crystal structure analyses of monomeric CDK2 showed that the T-loop region blocks access of the potential substrates to the catalytic site (Morgan and De Bondt, 1994) . Upon phosphorylation of Thr160 by CAK, the T-loop moves away and the cyclin A-CDK2 complex becomes fully active (Jeffrey et al., 1995; Russo et al., 1996) . CAK in fission yeast (Schizosaccharomyces pombe) phosphorylates Cdc2 and consists of catalytic Mcs6/Mop1/Crk1 and regulatory cyclin Mcs2 subunits (Damagnez et al., 1995) . The Mcs2-Mcs6 CAK kinase is part of the general transcription factor IIH (TFIIH). In addition to Cdc2, it phosphorylates the C-terminal domain (CTD) of the largest subunit of RNA polymerase II thereby controlling both basal transcription and cell cycle progression (Buck et al., 1995; Damagnez et al., 1995; Lee et al., 1999) . Recently, a monomeric kinase, Csk1, has been identified that phosphorylates the T-loops of both Mcs6 and Cdc2. This leads to the activation of these kinases (Hermand et al., 1998) . Csk1 is thus defined as CAK-activating kinase (CAKAK), an upstream activating kinase of CAK/Mcs2-Mcs6 in fission yeast (Hermand et al., 2001; Saiz and Fisher, 2002) .
Budding yeast (Saccharomyces cerevisiae) possesses a monomeric CAK, Cak1p, which shows low sequence similarity to Mcs6 and is required for the activation of Cdc28p through T-loop phosphorylation in vivo (Thuret et al., 1996; Cross and Levine, 2000; Ross et al., 2000) . Unlike Mcs6, Cak1p lacks CTD-kinase activity (Kaldis et al., 1996) . By contrast, a second budding yeast kinase, Kin28p, which is more closely related to Mcs6, is associated with TFIIH (Feaver et al., 1997; Keogh et al., 2002) and involved in phosphorylation of the CTD, but does not display Cdc28p phosphorylating activity (Cismowski et al., 1995) . Recent reports indicate that Cak1p phosphorylates the T-loop of Kin28p and thereby stimulates its CTD-kinase activity (Kimmelman et al., 1999) . This suggests that, despite their low sequence similarity, budding yeast Cak1p and fission yeast Csk1 perform similar functions by phosphorylating the CTD kinases, Kin28p and Mcs6. One of the best characterized animal CAKs, CDK7/p40 MO15 , occurs in complex with cyclin H and phosphorylates both CDK and the CTD of RNA polymerase II (Kaldis, 1999; Wallenfang and Seydoux, 2002) . CDK7 and cyclin H are close homologs of Mcs6 and Mcs2, respectively (Damagnez et al., 1995) . A third subunit that stabilizes the cyclin H-CDK7 complex is MAT1 (Devault et al., 1995; Tassan et al., 1995) , an assembly factor that has been identified in TFIIH complexes of mammals (Serizawa et al., 1995; Shiekhattar et al., 1995) . MAT1 homologs, Tfb3/Rig2 and Pmh1, are also present in CAK complexes of budding and fission yeasts, respectively (Kaldis, 1999) . However, no ortholog of 1 To whom correspondence should be addressed. E-mail mumeda@ iam.u-tokyo.ac.jp; fax 81-3-5841-8466. The author responsible for distribution of materials integral to the findings presented in this article in accordance with the policy described in the Instructions for Authors (www.plantcell.org) is: Masaaki Umeda (mumeda@iam.u-tokyo.ac.jp) . Article, publication date, and citation information can be found at www.plantcell.org/cgi/doi/10.1105/tpc.104.025601. either budding yeast Cak1p or fission yeast Csk1 was identified so far in vertebrates (Liu and Kipreos, 2002; Tsakraklides and Solomon, 2002) .
The first plant CAK ortholog was identified as a Cdc2-related protein kinase named R2 in rice (Oryza sativa; Hata, 1991) . R2 belongs to the CDK7 family, binds cyclin H, and phosphorylates both CDK and RNA polymerase II CTD (Yamaguchi et al., 1998 (Yamaguchi et al., , 2000 . The sequenced Arabidopsis thaliana genome encodes four potential CAK orthologs, among which CAK2At, CAK3At, and CAK4At are closely related to CDK7 (Umeda, 2002) . CAK2At and CAK4At phosphorylate both CDK and CTD, albeit with different preferences (Shimotohno et al., 2003) . By contrast, CAK1At displays similarity to CDK7 only in restricted domains and unlike vertebrate-type CAKs it has CDK-activating kinase activity but no CTD-kinase activity . Arabidopsis CAK1At-CAK4At were later designated CDKF;1, CDKD;3, CDKD;1, and CDKD;2, respectively, according to the nomenclature rules for CDKs proposed by Vandepoele et al. (2002) . To better define the functions of Arabidopsis CAKs, we have identified a cyclin H homolog, At;CycH;1, and tested its interaction with CAK1At-CAK4At by monitoring CDK-and CTDkinase activities and resolution of CAK complexes by gel filtration. The results show that CAK1At is active as a monomeric kinase and phosphorylates the T-loops of CAK2At and CAK4At. CAK1At activates the CTD-kinase activity of CAK4At in vitro and in Arabidopsis root protoplasts. The results suggest that phosphorylation of CDKs and RNA polymerase II CTD is mediated by a cascade of multiple CAKs in higher plants.
RESULTS

Identification of Arabidopsis Cyclin H At;CycH;1 That Interacts with CAK2At and CAK4At in Yeast Cells
In the Arabidopsis genome, a single gene, AT5G27620, codes for a cyclin H ortholog. We PCR-amplified the full-length cDNA derived from AT5G27620 from a cDNA library. The encoded protein (336 amino acids; 38 kD) was designated At;CycH;1, according to the nomenclature proposed by Renaudin et al. (1996) . It shares 47.5 and 54.8% sequence identity with rice and poplar cyclin H homologs, respectively. It also shows 26 and 22.6% identity with human cyclin H and fission yeast Ccl1 within the conserved cyclin box domain that is indispensable for binding to CAKs (Nobel et al., 1997) .
The interaction of cyclin H with all four putative Arabidopsis CAKs was tested in the yeast two-hybrid system. The coding regions of At;CycH;1 and CAK1At-CAK4At were cloned into the yeast expression vectors, pAS2-1 and pACT2, to test the interactions of fusion proteins carrying the GAL4-DNA binding and trans-activation domains using the His3 and lacZ reporter genes in the budding yeast strain Y190 (Harper et al., 1993) . Whereas none of the constructs activated the lacZ reporter gene alone, cells expressing either CAK2At or CAK4At in combination with At;CycH;1 grew on a medium without His (data not shown) and showed lacZ activation ( Figure 1A) . A combination of CAK3At with At;CycH;1 conferred slower growth in the absence of His and a lower level of lacZ induction, whereas coexpression of CAK1At and At;CycH;1 did not reveal any interaction. Quantitative measurements of b-galactosidase activities confirmed the data observed by lacZ filter-lift assays. It showed that the interaction between CAK3At and At;CycH;1 conferred significantly lower level of lacZ activation in comparison with combinations of CAK2At and CAK4At with At;CycH;1 ( Figure 1B) . These results suggested that except for CAK1At, the other three Arabidopsis orthologs of vertebrate CAKs could bind At;CycH;1, although cyclin H binding capacity of CAK3At appeared to be lower.
CAK2At and CAK4At Form Active Kinase Complexes with At;CycH;1 in Insect Cells
To test whether binding of At;CycH;1 would enhance the CDKand CTD-kinase activities of Arabidopsis CAKs, FLAG epitopetagged forms of CAK1At-CAK4At and a His-tagged form of At;CycH;1 were expressed in baculovirus-infected Sf9 insect cells. We confirmed that almost the same amount of FLAG-CAK proteins was produced in insect cells (data not shown). Protein extracts were immunoprecipitated with anti-FLAG antibody and subjected to kinase assays using glutathione S-transferase (GST)-fusions of human CDK2 and Arabidopsis RNA polymerase II CTD as substrates. CDK2 can be a substrate of CAKs in the absence of a cyclin partner, thus it is generally used in CDKkinase assays. To preclude the possibility of autophosphorylation, a kinase-inactive mutant form of CDK2 (carrying a K33R replacement) was used (Poon et al., 1993) . Immunoprecipitates from cells expressing FLAG-CAK2At alone phosphorylated both CDK2 and CTD, but coexpression of His-At;CycH;1 elevated the kinase activity fourfold to fivefold ( Figure 1C ). When expressed alone, FLAG-CAK4At phosphorylated neither substrate, but its CDK-and CTD-kinase activities were activated by coexpression of His-At;CycH;1. By contrast, FLAG-CAK3At did not exhibit CDK2-and CTD-kinase activities even in the presence of HisAt;CycH;1, suggesting that CAK3At is probably an inactive CAK variant or it has another substrate specificity. Remarkably, FLAG-CAK1At showed ;10-to 15-fold higher CDK2-kinase activity as compared with CAK2At and CAK4At, and this activity was not stimulated by At;CycH;1 ( Figure 1C ). Because the molecular mass of autophosphorylated CAK1At was identical to that of GST-CTD, we were unable to assess CTD phosphorylation by CAK1At in these assays. However, we observed previously that CAK1At immunoprecipitated from plant cells did not show any CTD-kinase activity .
Coexpression of At;CycH;1 Enhances the cak1 ts Suppressor Activity of CAK2At in Budding Yeast
Budding yeast Cak1p has CDK-kinase activity, but fails to phosphorylate the CTD of RNA polymerase II in vivo (Kaldis et al., 1996; Thuret et al., 1996; Sutton and Freiman, 1997) . We observed previously that CAK1At and CAK2At, but neither CAK3At nor CAK4At, were able to suppress the cak1 ts mutation of budding yeast (Shimotohno et al., 2003) . To test whether coexpression of At;CycH;1 would affect the cak1 ts suppressor activity of Arabidopsis CAKs, we coexpressed the pAS2-At;CycH;1 construct with CAK cDNAs cloned in the expression vector pYX112, downstream of the constitutive promoter of triose-phosphate isomerase gene in the cak1 ts mutant budding yeast strain GF2351 (Thuret et al., 1996) . Cells expressing CAK2At alone grew slowly at 348C, but at 368C, they were unable to survive. By contrast, cells coexpressing CAK2At and At;CycH;1 grew normally at both 348C and 368C, indicating that expression of At;CycH;1 enhanced the cak1 ts suppressor activity of CAK2At ( Figure 1D ). On the other hand, CAK3At and CAK4At expressed alone or in combination with At;CycH;1 did not show any cak1 ts suppressor activity. This result was consistent with our previous observations, which indicated that in insect cells CAK3At was inactive, whereas CAK4At showed significantly lower CDK2-kinase activity than CAK2At. As expected, CAK1At acted as a strong cak1 ts suppressor independent of At;CycH;1 coexpression ( Figure 1D ).
Resolution of CAK Complexes by Gel Filtration
We have fractionated CAK1At, CAK2At, and CAK4At complexes from cultured Arabidopsis cells. In Sephacryl S300 gel exclusion chromatography, CAK1At eluted in a broad peak around 130 kD. Immunoprecipitation of chromatography fractions with an antiCAK1At antibody indicated that the CAK1At complex had high CDK-kinase activity with GST-CDK2 (K33R) substrate ( Figure  2A ), but failed to phosphorylate GST-CTD (data not shown). CAK2At was detected in two different complexes with molecular masses of >700 and 130 kD, respectively. The larger complex phosphorylated GST-CTD but not GST-CDK2 (K33R), whereas the smaller one showed high CDK2-kinase activity but low CTDkinase activity ( Figure 2B ). This fractionation pattern resembled (A) Yeast two-hybrid assay. Budding yeast strain Y190 was transformed with Arabidopsis CAKs and At;CycH;1 cloned into pACT2 (pACT-CAK) and pAS2-1 (pAS-CycH), respectively, or with an empty vector. Transformants were grown on a minimal medium for 4 d at 308C, and b-galactosidase activity of colonies was detected using the filter-lift assay. pTA1-1 and pVA3-1 were used as controls. (B) Quantitative b-galactosidase assay. Y190 strain was transformed with pACT-CAK only (red bars) or with both pACT-CAK and pAS-CycH (blue bars). The values of three independent assays were averaged. (C) CDK-and CTD-kinase activities of Arabidopsis CAKs expressed in insect cells. FLAG-tagged CAKs (FLAG-CAK) and His-tagged At;CycH;1 (HisAt;CycH;1) were expressed in insect Sf9 cells, and 100 ng of protein extract was immunoprecipitated using anti-FLAG antibody. In the case of FLAGCAK1At, 10 ng of protein was used for immunoprecipitation. Kinase assay was performed using GST-CDK2 (K33R) or GST-CTD as substrate. Asterisks indicate bands of autophosphorylated FLAG-CAK1At. (D) The cak1 ts suppressor activity of CAKs in budding yeast. CAK cDNAs cloned into pYX112 (pYX-CAK) were introduced into budding yeast strain GF2351 with (þ) or without (ÿ) At;CycH;1 in pAS2-1 (pAS-CycH). Transformants were grown on minimal medium at indicated temperatures for 4 d.
those of CDK7-like kinases from other metazoa, which are known to form a TFIIH complex of over 700 kD and a heterotrimeric complex of 180 kD consisting of CDK7, cyclin H, and MAT1 subunits (Devault et al., 1995; Schultz et al., 2000) . In comparison, CAK4At was detected in a complex of ;200 kD, which phosphorylated the GST-CTD substrate ( Figure 2C ). A minor CAK4At complex of >700 kD was also observed, but displayed only low CTD-kinase activity. However, both CAK4At complexes showed only low CDK2-kinase activities (data not shown). These results, thus, confirmed our notion that CAK4At is a CTD kinase, whereas CAK2At is part of distinct CDK-and CTDkinase complexes.
Identification of Functional Domains of CAK1At
A unique structural feature distinguishing CAK1At from other Arabidopsis CAKs is that it carries an unusual insertion of 111 amino acids between the kinase active site and phosphoregulatory site, between amino acid positions 178 and 288 . To determine whether this domain (named B-region in Figure 3A ) is necessary for CAK1At activity, we expressed several His-tagged deletion derivatives of CAK1At using the galactose-inducible GAL1 promoter of pYES-DEST52 in budding yeast GF2351 cells. Immunoblotting with anti-His antibody showed that each mutant protein was stably produced in yeast Arabidopsis protein extract from suspension cells was fractionated by Sephacryl S300 gel exclusion chromatography, and 15 mL of each fraction was immunoblotted with (A) anti-CAK1At, (B) anti-CAK2At, or (C) anti-CAK4At antibody. Each fraction was immunoprecipitated with the antibody and assayed for kinase activity using GST-CDK2 (K33R) or GST-CTD as substrate. Arrowheads indicate the elution positions of marker proteins with their molecular masses in kD. cells ( Figure 3B ). Whereas removal of N-and C-terminal kinase domains fully abolished the cak1 ts suppressor activity of CAK1At, cells carrying a deletion of B-region of CAK1At grew in galactose-containing minimal medium (MCGS), as well as somewhat slower in glucose-containing minimal medium (MCD), at restrictive temperature of 348C ( Figure 3C ). At 378C, cells harboring the wild-type and DB CAK1At constructs survived on MCGS, but only wild-type CAK1At rescued the cak1 ts mutation on MCD medium. The suppression activity on MCD indicated a leakiness of GAL1 promoter and better complementation of cak1 ts mutation by the wild-type CAK1At. In conclusion, these results indicated that domain B is not essential for the cak1 ts suppressor activity of CAK1At.
CAK1At Functions as CAK-Activating Kinase in Fission Yeast
Budding yeast Cak1p is known to phosphorylate and activate Kin28p, which is a relative of CDK7-type CAKs in vertebrates (Espinoza et al., 1998; Kimmelman et al., 1999) . Therefore, our cak1 ts suppressor assay suggested that CAK1At may also have the activity to phosphorylate CDK7-related CAKs. To assay for CAKAK activity of CAK1At, we conducted a genetic complementation experiment using fission yeast mutants. In fission yeast, Mcs6 is a CDK7-related CAK, which is phosphorylated and activated by the monomeric CAKAK, Csk1 (Hermand et al., 1998) . Fission yeast strain JS12 carries a mcs6-13 (L238R) mutation and a disrupted csk1D gene, which result in temperature-dependent cell cycle arrest (Hermand et al., 1998; Saiz and Fisher, 2002) . We expressed Arabidopsis CAK1At-CAK4At under the control of a thiamine-repressible NMT1 promoter (Maundrell, 1990 ) of pREP3 in this strain, using fission yeast genes Csk1 or Mcs6 as controls. At the restrictive temperature of 368C only transformants expressing CAK1At and the control Csk1 and Mcs6 constructs, but none of the other Arabidopsis CAKs, grew in minimal medium without thiamine ( Figure 4A ). Whereas JS12 transformants carrying the pREP3 vector alone displayed an elongated shape at 368C, a short cell phenotype of CAK1At-expressing cells confirmed full suppression of cell cycle defect caused by the mcs6-13 and csk1D mutations. At the permissive temperature (278C), JS12 cells carrying CAK2At or CAK3At grew slowly in the absence of thiamine ( Figure 4A ). We previously described similar observations when rice CAK R2 was overexpressed in fission yeast cells (Yamaguchi et al., 1998) , suggesting that the extended C-terminal region of these CAKs might have an inhibitory effect on the yeast cells (Umeda, 2002) . Hermand et al. (2001) observed that activators of Cdc2, including Cdc13, Nim1, Cdc25, and Suc1, can also suppress the temperature-sensitive growth defect of strain JS12. Therefore, CAK2At that has CDK-kinase activity was expected to show suppressor activity in JS12. Our negative results with CAK2At suggested that either CAK2At has a significantly lower CDKkinase activity than CAK1At, or in the JS12 suppressor assay, CAK1At substituted the function of fission yeast Csk1 by phosphorylation and activation of Mcs6 (L238R). To distinguish between these possibilities, we expressed all Arabidopsis CAKs in a mcs6-SALR mutant strain. This mutant strain, in addition to the L238R mutation, carried a S165A mutation in the T-loop region of Mcs6, thereby preventing its phosphorylation by wild-type Csk1 ( Figure 4B ). As shown by Hermand et al. (2001) , only Mcs6, but not Csk1, suppressed the thermal sensitivity of mcs6-SALR, indicating that S165A mutation prevented the activation of Mcs6 by Csk1. Similar to Csk1, expression of CAK1At also failed to suppress the temperature-dependent cell cycle defect of mcs6-SALR mutant ( Figure 4B ). These results, thus, clearly demonstrated that CAK1At did not substitute Mcs6, rather it suppressed the mcs6-13 (L238R) mutation by acting as CAKAK and compensating for the csk1D defect in strain JS12.
CAK1At Phosphorylates the T-Loop of CAK2At and CAK4At but Not CAK3At
As our suppressor assays with both budding and fission yeast mutants suggested that CAK1At is a CAK-activating kinase, we tested whether CAK1At could phosphorylate CAK2At, CAK3At, and CAK4At in vitro. The peak fraction of CAK1At complex, resolved by gel filtration (Figure 2A ), was immunoprecipitated with anti-CAK1At antibody and assayed for CAKAK activity using maltose binding protein (MBP)-fused CAK2At, CAK3At, and CAK4At as substrates. To exclude autophosphorylation of substrates, a Lys residue in the catalytic cleft of each CAK was changed to Arg. The immunoprecipitated CAK1At complex efficiently phosphorylated MBP-CAK2At and MBP-CAK4At, but not MBP-CAK3At and the control MBP protein ( Figure 5A ). The same result was obtained when recombinant MBP-CAK1At produced in Escherichia coli was used instead of CAK1At purified from Arabidopsis cells ( Figure 5B ). This indicated that monomeric CAK1At could also phosphorylate both CAK2At and CAK4At. In both assays, CAK1At showed higher activity with CAK4At as compared with CAK2At.
CDK7 enzymes are known to be phosphorylated at two major sites, corresponding to Ser164 and Thr170 in the T-loop region in humans (Labbe et al., 1994; Martinez et al., 1997; Akoulitchev and Reinberg, 1998) . Comparison of amino acid sequences indicated that Arabidopsis CAK2At and CAK4At also contain conserved Ser and Thr residues within their T-loops. To determine whether these residues are targeted for phosphorylation by CAK1At, we have substituted Ser161 and Thr167 in CAK2At, and Ser162 and Thr168 in CAK4At with Ala, and used these mutant proteins as substrates for CAK1At kinase assays ( Figures  5C and 5D ). Phosphorylation activity of CAK1At with MBPCAK2At (S161A) and MBP-CAK2At (T167A) was 80 and 20% as compared with that of the MBP-CAK2At (K41R) control, respectively. Combination of S161A and T167A mutations completely abolished the CAK1At phosphorylation activity, indicating that CAK1At indeed phosphorylated these residues in vitro ( Figure 5C ). Similarly, CAK1At phosphorylation of MBP-CAK4At was reduced to 30% by the S162A mutation and almost abolished by the T168A mutation ( Figure 5D ). These results demonstrated that CAK1At recognizes the activating phosphorylation sites within the T-loops of CAK2At and CAK4At.
CAK1At Phosphorylates CAK4At and Activates Its CTD-Kinase Activity As CAK1At itself shows high CDK-kinase activity, we could not reliably determine whether CAK1At would activate the CDK-kinase activities of CAK2At and CAK4At. CAK1At does not phosphorylate the CTD of RNA polymerase II; we could, however, assay whether CAK1At would increase the CTD-kinase activity of CAK4At. A FLAG-tagged form of CAK4At with or without coexpression of His-tagged At;CycH;1 was immunoprecipitated from protein extracts of insect cells using an anti-FLAG antibody. Coexpression of His-At;CycH;1, as expected, resulted in a higher autophosphorylation activity of FLAG-CAK4At ( Figure  6A ). When MBP-CAK1At was added to the kinase reaction, both monomeric FLAG-CAK4At and the FLAG-CAK4At complex with His-At;CycH;1, showed higher autophosphorylation in comparison with control reactions performed with MBP ( Figure 6A ). Subsequently, MBP and MBP-CAK1At were removed by extensive washing and each FLAG-CAK4At sample was subjected to kinase assay using GST-CTD as substrate. Monomeric FLAGCAK4At treated only with the control MBP protein showed no CTD-kinase activity, whereas FLAG-CAK4At complex with HisAt;CycH;1 phosphorylated the GST-CTD substrate. Preincubation with MBP-CAK1At increased CTD-kinase activity of FLAGCAK4At complexed with His-At;CycH;1, and also activated the monomeric FLAG-CAK4At kinase ( Figure 6A ). This indicates that CAK1At can phosphorylate CAK4At and activate its CTD-kinase activity independent of At;CycH;1.
CAK1At Activates CAK4At in Arabidopsis Root Protoplasts
To confirm that CAK1At acts as CAK4At-activating kinase also in plant cells, we coexpressed c-Myc and hemagglutinin (HA) epitope-tagged forms of CAK1At and CAK4At, respectively, in Arabidopsis root protoplasts. HA-CAK4At was immunoprecipitated from protoplast protein extracts with anti-HA antibody and subjected to kinase assay with GST-CTD as substrate. The CTDkinase activity of HA-CAK4At was elevated by coexpression with myc-CAK1At, and increasing the expression level of mycCAK1At resulted in increasing phosphorylation of the CTD ( Figure 6B ). The T168A mutation in CAK4At caused a loss of CTD-kinase activity, which was not restored by CAK1At coexpression, indicating that the observed phosphorylation of the CTD was indeed dependent on CAK4At and its activation by coexpression of CAK1At. Consistent with their potential interactions in plant cells, green fluorescent protein (GFP) fusion proteins of CAK1At and CAK4At showed similar, overlapping cellular localization in the cytoplasm and nuclei of Arabidopsis protoplasts ( Figure 6C ) and onion (Allium cepa) epidermal cells ( Figure 6D ). By contrast, CAK2At and CAK3At displayed nearly exclusive nuclear localization, similar to that of a nuclearly targeted NLS-GFP control protein.
DISCUSSION
Is CAK1At a Cyclin-Independent CDK-Activating Kinase?
Our results indicate that CAK1At is a unique member of the Arabidopsis CDK-activating CAK kinase family that does not interact with the cyclin H homolog, At;CycH;1. Accordingly, the CDK-kinase activity of CAK1At is not enhanced by coexpression of At;CycH;1 in insect cells. We showed that recombinant CAK1At produced in E. coli is active without any other factor, indicating that CAK1At may not require a cyclin partner for its activity. Nevertheless, we observed that CAK1At in Arabidopsis cells occurs in a protein complex of 130 kD that shows high CDKkinase but no CTD-kinase activity. It is, thus, likely that CAK1At is (A) CAK4At activation in vitro. FLAG-CAK4At and/or His-At;CycH;1 were expressed in baculovirus-infected insect cells. Fifty nanograms of protein extract was immunoprecipitated with anti-FLAG antibody and immunoblotted with anti-CAK4 antibody (top). The immunoprecipitates were incubated with MBP or MBP-CAK1At in the presence of [g-32 P]ATP and autoradiographed (middle). After removal of MBP or MBP-CAK1At, the immunoprecipitates were subjected to kinase reaction using GST-CTD as substrate (bottom). (B) CAK4At activation in Arabidopsis root protoplasts. The vector pMENCHU (lanes 1 to 3), pMENCHU-CAK4At (WT) (lanes 4 to 6) or pMENCHUCAK4At (T168A) (lanes 7 to 9) was introduced into Arabidopsis root protoplasts. HA-CAK4At was coexpressed with 5 mg (lanes 2, 5, and 8) or 30 mg (lanes 3, 6, and 9) of pMESHI-CAK1At. Five micrograms of protein extract was immunoblotted with anti-CAK1At or anti-CAK4At antibody. Seventy micrograms of protein extract was immunoprecipitated with anti-HA antibody, followed by a kinase reaction using GST-CTD as substrate. associated in vivo with other regulatory protein(s) that might control its activity in response to external or internal stimuli. Because monomeric CAK1At migrates as a protein of 62 kD in SDS-PAGE , it is of course also possible that CAK1At forms a homodimer in vivo, which may account for the observed molecular mass of 130 kD. To distinguish between these possibilities, further analysis of the subunit composition of CAK1At complex is necessary.
A unique feature of CAK1At among other CAKs is that it carries an unusual insertion of 111 amino acids between its kinase active site and phosphoregulatory site. Our studies indicate that removal of this unique region does not affect the capability of CAK1At to suppress the budding yeast cak1 ts mutation; hence, this region is not essential for the CDK-kinase activity of CAK1At. Nonetheless, a CAK1At mutant, which carries a deletion of this unique region, shows lower cak1 ts suppressor activity than the wild-type kinase, as well as decreased CDK-kinase activity when expressed in Arabidopsis cells (data not shown). Genes encoding for CAK1At-related proteins also exist in other plant species. For example, CAK1At homologs in Euphorbia and rice, which show 49.7 and 35.9% sequence identity, respectively, also carry similar internal sequence domains with significant homology to that of CAK1At (data not shown). Therefore, we assume that this unique region may be involved in the control of interactions of CAK1At-related kinases with specific regulatory proteins or substrates acting in plant-specific signaling pathways.
CAK1At Is a Prototype of Plant-Specific CAK-Activating Kinases CDK-activating kinases, such as Xenopus CDK7 and fission yeast Mcs6, are phosphorylated at Ser and Thr residues within their T-loops (Labbe et al., 1994; Martinez et al., 1997; Hermand et al., 1998) . In Xenopus, phosphorylation of Thr170 is required for high affinity binding of CDK7 to cyclin H (Martinez et al., 1997) . Recently, Liu et al. (2004) identified a novel human CAK homolog, p42, which shows sequence homology to both CDK7 and budding yeast Cak1p. It was responsible for CAK activity in vivo but had no CDK7-activating kinase activity, suggesting that the T-loop phosphorylation of CDK7 is likely performed by a yet unidentified human kinase. Here, we demonstrated that CAK1At directly phosphorylates CAK2At and CAK4At at conserved Ser and Thr residues within the T-loop and showed that this phosphorylation activates the CTD-kinase activity of CAK4At both in vitro and in plant cells. Mutations affecting Ser161 and Thr167 in the T-loop abolished the ability of CAK2At to suppress the cak1 ts mutation in budding yeast (data not shown), which suggests that CAK2At requires phosphorylation of these invariant Ser and Thr residues to get activated. By contrast, we failed to detect CAK1At-mediated phosphorylation of CAK3At. The CAK3At has an altered T-loop sequence, GSPGRKFTHQVFARW, which has a substitution of Asn to Gly. This amino acid change could cause a conformational change of T-loop, and thus, prevent CAK3At from being a substrate of CAK1At. The nonphosphorylated form of CAK3At is probably incapable of forming a stable complex with cyclin H, and thus, has no enzyme activity and fails to suppress the budding yeast cak1 ts mutation.
Our notion that CAK1At could function as an upstream kinase of Arabidopsis CAKs was supported by the fact that CAK1At suppressed the cell cycle defect caused by the mcs6 and csk1 mutations in fission yeast. Our results clearly show that CAK1At does not substitute the function of Mcs6, but it phosphorylates the Ser165 residue of Mcs6 T-loop region and thereby activates Mcs6's enzyme activity. Based on this feature, CAK1At is closely related to Csk1 that exhibits Mcs6-activating kinase activity (Hermand et al., 2001 ). Cak1p of budding yeast also shows functional similarity to CAK1At as it has the ability to phosphorylate the CDK7-family kinase Kin28p and thereby activate its CTD-kinase activity (Espinoza et al., 1998; Kimmelman et al., 1999) . Recently, Tsakraklides and Solomon (2002) reported the comparison of biochemical properties of Csk1, Cak1p, and CAK1At. All these kinases were able to rescue the cak1 ts mutation in a cyclin-independent manner and were insensitive to 59-fluorosulfonylbenzoyladenosine. However, despite functional similarities, CAK1At shares no significant sequence similarity with Csk1 and Cak1p. Rather, it was classified into the CDK7 family by neighbor-joining and maximum likelihood methods, whereas Cak1p and Csk1 were included in the same family with significant bootstrap support, regardless of their low sequence homology (Liu and Kipreos, 2002) . In particular, both Cak1p and Csk1 lack the glycine loop in the ATP binding region, which is highly conserved in CDK-related proteins, including CDK7 and CAK1At (Kaldis et al., 1996; Tsakraklides and Solomon, 2002 ). Cak1p and Csk1 orthologs have not been identified in species other than yeast. This leads to two possibilities: animals and plants may not require any ortholog; or they may possess functionally related kinases that are very divergent from Cak1p or Csk1. Our conclusion that Arabidopsis CAK1At functions as a CAKAK clearly supports the latter hypothesis. Using database searches, homologs of Arabidopsis CAK1At can only be identified in Euphorbia, rice, and soybean (Glycine max). Therefore, we propose that CAK1At-related kinases represent a distinct family of CAKAKs in the plant kingdom.
Multiple CAK Complexes Are Involved in CDK and CTD Phosphorylation in Arabidopsis
Our results show that recombinant CAK2At and CAK4At preferentially phosphorylate CDK2 and CTD, respectively, in association with At;CycH;1. This observation correlates well with the fact that overexpression of CAK2At, but not CAK4At, can suppress the budding yeast cak1 ts mutation, which leads to reduced CDK-kinase activity (Shimotohno et al., 2003) . However, neither CAK2At nor CAK4At suppressed the cell cycle defect caused by the mcs6-13 and Dcsk1 mutations in fission yeast. This discrepancy may be explained by the heterogeneity of regulatory cyclin H subunits. Namely, fission yeast Mcs2 is conserved in restricted domains of the cyclin box among various cyclin H homologs. This suggests that the association between CAK2At and Mcs2 in fission yeast cells might not be enough to rescue the temperature-sensitive mcs6-13 mutation. An association with Mcs2 could also be inhibited by a C-terminal extension of CAK2At that is specific to the plant CDK7 homologs (Umeda, 2002) .
When Arabidopsis CAKs were fractionated by gel filtration, CAK2At was detected in two distinct protein complexes with molecular masses of >700 and 130 kD, which showed different CDK-and CTD-kinase activities. Although our anti-CAK2At antibody recognizes both recombinant CAK2At and CAK3At proteins (Shimotohno et al., 2003) , the inactive nature of CAK3At indicates that in our assays we had monitored the enzyme activity of CAK2At. In comparison, the CTD-kinase activity of CAK4At was concentrated in a smaller complex of 200 kD, and only a small amount of CAK4At was recovered in a larger complex of over 700 kD. This result is surprising because CAK4At may be incorporated into TFIIH to exert higher CTD-kinase activity than CAK2At. In vertebrates, TFIIH complexes contain two DNA helicases, XPB and XPD. XPD, in particular, has a role in CAK anchoring and stabilizes the complex through interaction with MAT1 (Reardon et al., 1996; Busso et al., 2000) . In Arabidopsis, putative DNA helicases are also encoded in the genome (Ribeiro et al., 1998; Costa et al., 2001 ), but no homolog of MAT1 has been identified so far. This suggests that another factor(s) may participate in weak anchoring of CAK4At to TFIIH, which could allow dissociation of the 200-kD complex from TFIIH during our protein extraction and fractionation processes.
In conclusion, our data show that CAK2At and CAK4At are vertebrate-type CAKs, which exhibit different phosphorylation activities on CDK and CTD, respectively. CAK1At has high CDKkinase activity, but it is also involved in phosphorylation and activation of CAK2At and CAK4At. Therefore, CAK1At may be engaged not only in CDK activation, but also in the control of basal transcription, by modulating the CTD-kinase activity of CAK4At. The functional difference between CAK1At and CAK2At-CAK4At described in this article corresponds well to the classification of Arabidopsis CAKs into CDKF and CDKD classes (Joubè s et al., 2000) . To adopt the nomenclature rules for CDKs (Vandepoele et al., 2002) , we shall hereafter use the terms of CDKF;1, CDKD;3, CDKD;1, and CDKD;2 for CAK1At-CAK4At, respectively. Unlike yeast Cak1p or Csk1, CAK1At (CDKF;1) has a conserved phosphoregulatory site at Thr290, which may be phosphorylated by a further upstream kinase to confer upregulation or downregulation of CAK1At (CDKF;1). Such a phosphorylation cascade is expected to link the CAKAK-CAK-CDK/CTD phosphorylation pathways to developmental and hormonal controls. Further studies on upstream signaling pathways could help us answer the question how this kinase cascade is involved in the control of cell cycle, transcription, and differentiation during plant development.
METHODS
Isolation of Cyclin H cDNA and Plasmid Constructions
The cDNA of At;CycH;1 was PCR-amplified from an Arabidopsis thaliana cDNA library made in the yeast expression vector pYX112 . The open reading frame (ORF) of At;CycH;1 was amplified by PCR and cloned into the EcoRI site of the pAS2-1 vector (Clontech, Palo Alto, CA). The ORFs of CAK1At, CAK2At, CAK3At, and CAK4At were PCRamplified and cloned into the XhoI, XhoI, SmaI, and BamHI sites of pACT2 (Clontech), respectively. CAK cDNAs cloned into the pYX112 or pREP3 vector (Shimotohno et al., 2003) were used for yeast complementation tests. For expression of deletion derivatives of CAK1At, each cDNA fragment was amplified by PCR and cloned into the Gateway entry vector pENTR/SD/D-TOPO (Invitrogen, San Diego, CA). Subsequently, a recombination reaction was performed between each entry clone and a destination vector pYES-DEST52 using LR Clonase (Invitrogen).
For expression in baculovirus-infected insect cells, the ORFs of CAK1At, CAK2At, CAK3At, and CAK4At were PCR-amplified and cloned into the pFAST-BAC-FLAG1 vector (Yamaguchi et al., 1998) at the sites of XhoI/SphI, EcoRI, EcoRI, and XhoI/SphI, respectively, such that they were in-frame with the FLAG sequence. The ORF of At;CycH;1 was cloned into the EcoRI site of pFASTBAC HTa (Invitrogen). Nucleotide substitutions were introduced into CAK cDNAs by using a Mutan-Super Express Km kit (Takara, Tokyo, Japan). To express MBP-fused proteins in Escherichia coli, wild-type and mutant cDNAs were cloned into the pMALC2 vector (New England Biolabs, Beverly, MA) as described by Shimotohno et al. (2003) . For expression in Arabidopsis root protoplasts, the ORFs of CAK1At and CAK4At were amplified by PCR and cloned into the SalI and BamHI sites of pMESHI and pMENCHU (Ferrando et al., 2000 (Ferrando et al., , 2001 , respectively. The c-Myc and HA epitope-tagged proteins were produced under the 35S promoter of Cauliflower mosaic virus in pMESHI and pMENCHU, respectively. To observe CAK localization, the ORFs of CAK1At, CAK2At, CAK3At, and CAK4At were PCR-amplified and cloned into the SalI/NcoI, SalI/NcoI, SalI, and SalI/NcoI sites of KS-GFP (Chiu et al., 1996) , respectively.
Yeast Two-Hybrid Assay and Complementation Test
Yeast two-hybrid assay was performed with budding yeast (Saccharomyces cerevisiae) strain Y190 according to the protocol provided by Clontech. For the quantitative assay, yeast cells were cultured in the minimal medium, which lacked Leu and Trp, at 308C to reach the stationary phase and were then diluted fivefold with YPD medium and cultured for an additional 4 h. pVA3-1, which contains the murine p53 fused to GAL4 DNA binding domain, and pTD1-1, which contains the SV40 large T-antigen cDNA fused to GAL4 transactivating domain, were used as controls. Complementation test was conducted with budding yeast strain GF2351 (MATa, ura3, leu2, trp1, lys2, ade2, ade3 ) (Thuret et al., 1996) . Yeast protein extracts were prepared as described (Vitaly, 2000) . Fission yeast (Schizosaccharomyces pombe) strains used for the complementation test were JS12 (h -csk1 Dmcs6-13 leu1-32 ade6-704) (Hermand et al., 1998) and mcs6-SALR (Hermand et al., 2001 ). Transformants were incubated on minimal medium in the presence or absence of 2.0 mM thiamine.
Immunoblotting and Kinase Assays with Recombinant Proteins
MBP-fusion proteins were expressed in E. coli strain BL21 and purified on amylose resin (New England Biolabs) using the manufacturer's protocol. GST-CDK2 (K33R) and GST-CTD were purified as described . Expression of FLAG-CAK and His-At;CycH;1 proteins in insect cells was conducted as described by Yamaguchi et al. (2000) . Cells were resuspended in five volumes of phosphate-buffered saline containing protease inhibitors (10 mg/mL each of leupeptine, pepstatin, aprotinin, benzamidine, and soybean trypsin inhibitor), lysed by sonication, and the supernatant was used for assays. Immunoblotting was conducted using ECL protein gel blotting detection reagents (Amersham Biosciences, Piscataway, NJ).
For the kinase assays, protein extracts were immunoprecipitated with anti-FLAG M2 affinity gel (Sigma, St. Louis, MO) or anti-CAK1At antibody , and the immunoprecipitates were subjected to kinase reaction using 1 mg each of substrate protein. Ten nanograms of MBP-CAK1At were also used as enzyme. A detailed protocol for kinase assay was described previously .
To detect CAKAK activity of CAK1At, FLAG-CAK4At was immunoprecipitated from 100 ng of insect crude extract, using anti-FLAG antibody. Half of the immunoprecipitates were immunoblotted with anti-FLAG antibody, and the other half were incubated with 10 ng of MBP-CAK1At in the presence of [g-32 P]ATP. To examine the CTD-kinase activity of CAK4At, the immunoprecipitates were incubated with MBP-CAK1At in the presence of cold ATP, washed five times, and subjected to kinase reaction using GST-CTD as substrate.
Fractionation of Arabidopsis Protein Extracts by Gel Exclusion Chromatography
Arabidopsis cell suspension culture (ecotype Columbia) was maintained as described previously (Shimotohno et al., 2003) . A crude extract that contained 60 mg of protein extracted from a culture, 4 d after subculturing, was brought to 70% saturation using ammonium sulfate. Precipitated proteins were dissolved in 1 mL of column buffer (20 mM Tris-HCl, pH 7.8, 100 mM NaCl, 5 mM b-glycerophosphate, 2 mM EGTA, 2 mM MgCl 2 , 0.5 mM DTT, 1 mM NaF, 0.1 mM Na 3 VO 4 , and 10% [w/w] glycerol) and loaded onto a Sephacryl S300 column (Amersham Biosciences). Elution profiles of proteins in LMW and HMW gel filtration calibration kits (Amersham Biosciences) were used for estimations of molecular mass. One hundred microliters of each fraction was immunoprecipitated with CAK antibodies (Shimotohno et al., 2003) , and the immunoprecipitates were subjected to kinase reaction using 2 mg of GST-CDK2 (K33R) or GST-CTD as substrate.
Transient Expression in Arabidopsis Protoplasts
The preparation and transfection of root protoplasts have been described previously (see http://genetics.mgh.harvard.edu/sheenweb/). Protoplasts (4 3 10 4 ) were transfected with 30 mg of plasmid DNA and incubated at 238C for 15 h in W5 solution under continuous illumination. To assess the CTD-kinase activity of CAK4At, protein extract was immunoprecipitated with anti-HA (12CA5) monoclonal antibody (Roche, Indianapolis, IN), and the immunoprecipitates were subjected to a kinase reaction using 2 mg of GST-CTD as substrate. Assays were conducted three times to examine the reproducibility. GFP constructs were introduced into protoplasts from the suspension cells as described by Ueda et al. (2001) . DNA staining was conducted with 100 ng/mL of Hoechst 33342.
Transient Expression in Onion Epidermal Cells
Onion (Allium cepa) transformation was performed essentially as described by van den Ackerveken et al. (1996) . Inner epidermal layers obtained from onions were placed on MS basal medium (Wako, Osaka, Japan) with 2% agar. Gold particles (1.6 mm; Bio-Rad, Hercules, CA) coated by 5 mg of plasmid DNA were briefly vortexed and bombarded onto each sample. Bombardment parameters were the following: a pressure of 7600 kPa, a target distance of 12 cm, and a decompression vacuum of 95 kPa in Hg. After bombardment, the samples were incubated at 228C under continuous illumination for 18 h, followed by microscopic observations with confocal laser scanning microscope system (MicroRadiance MR/AG-2; Bio-Rad).
Sequence data from this article have been deposited with the EMBL/ GenBank data libraries under accession number AB051072, corresponding to AGI number AT5G27620.
